The behavior of an ultrasonic shot peening process is observed and analyzed by using a model of inelastic hard spheres in a gravitational field that are fluidized by a vibrating bottom wall (sonotrode) in a cylindrical chamber. A marked heterogeneous distribution of impacts appears when the collision between the shot and the side wall becomes inelastic with constant dissipation. This effect is one order of magnitude larger than the simple heterogeneity arising from boundary collision on the cylinder. Variable restitution coefficients bring the simulation closer to the general observation and allow the investigation of peening regimes with changing shot density. We compute within this model other physical quantities (impact velocities, impact angle, temperature and density profile) that are influenced by the number N of spheres.
Introduction
It is well known that the introduction of residual compressive stresses in metallic components leads to increase fatigue strength [8] . Therefore, many engineering techniques involve surface treatment to allow either surface hardening (by, e.g., nitriding or vapor deposition) [6] through laser shock peening or shot peening. For the latter, a high velocity stream of steel particles is projected at a material surface. This produces at and below it compressive residual stresses with a peak value being reached at some depth below the surface [7] Here, a piezoelectric generator produces the vibration of a sonotrode that projects upon contact steel shot in a chamber closed by a cover which is the sample to be peened. The shot is usually made of small steel particles whose diameter is between 1 and 3 mm and the frequency is about 20 kHz. Several parameters can also be changed, allowing one to control the overall shot velocity and thus the shot peening intensity. Possible tuning parameters for optimizing the peening process include the shot diameter, the height of the chamber, the amplitude and/or the frequency of the sonotrode. Basic applications of this technology are found in automotive or aerospatial industry.
If the performance of this process is closely related to the appropriate choice of parameters, it becomes necessary to understand how the peening intensity or the peening distribution on a given sample is affected by changes of mechanical or electrical characteristics of the system. Furthermore, as some of the physical quantities involved in the peening process are hard to measure in a real-time experiment (velocity, acceleration, etc.), mainly for safety reasons (the impacts of steel beads are so strong that the chamber is a closed box), numerical simulation can be a powerful tool for investigating the influence of these quantities under various situations.
Despite recent improvements of shot peening, some limitations still appear such as impact heterogeneities that do not allow the possibility to extend the treatment to larger surfaces. We show that inelastic collisions originate the nonhomogeneous distribution of impacts, using numerical tools from granular gases.
There has been great activity during the last 10 years in the study of granular gases [22, 21, 9] . In particular, systems of vibro-fluidized glass beads in a cylinder have some similarities with the device used for the shot peening [30, 31] . The main difference with the experimental setup used in ultrasonic shot peening is the absence of the cover and a lower frequency of vibration. In the latter series of experiments, it was shown that the inelastic sphere model provides an accurate description of microscopic quantities [27, 28] (local granular temperature, local mean velocity, local density, etc.) which encourages us to perform molecular dynamics of inelastic hard spheres.
The system is represented by a collection of inelastic hard spheres colliding with each other and with the boundaries (chamber, shot and sonotrode). For the sake of simplicity, collisions are first characterized by a constant normal coefficient of restitution. We perform event-driven Molecular Dynamics that is as close as possible to the experimental setup by using the geometrical features of chamber, sonotrode and cover. In order to obtain an improved description of the model, we also consider a model of inelastic hard spheres where the restitution coefficient depends on the relative velocity of the impact.
Our results both theoretical and experimental show that the peening distribution on the sample is not homogeneous. The heterogeneity of the peening distribution is strongly influenced by the value of the particle-side wall coefficient of restitution c w . This result goes far beyond the intuitive view that heterogeneity should simply result from the boundary collisions on the side walls. The increased energy dissipation along the side walls favors particle accumulation thus increasing the gas (shot) density on the border of the chamber. This leads to an increase of the impact frequency on the border of the sample. Within the model, we compute impact velocity and impact angle of the shot and also show a changing behavior with the shot density, ranging from the dilute Knudsen limit to a more dense situation where particle-particle collisions dominate. Both quantities display marked differences between the border and the center of the top wall (sample). We first work at fixed number of spheres N to highlight the role played by the wall restitution coefficient c w . In a second section, the use of velocity dependent restitution coefficients fixes all parameters and allows an investigation of the effect due to the number of spheres.
2 Inelastic hard sphere model
Simulation details
We first consider the model close to the experimental setup (see below). The cylinder has a radius of R = 35 mm which contains N = 200 hard spheres representing the shot of diameter σ = 3 mm. The latter are subject to a constant gravitational force. The energy is supplied by vibrating the bottom wall following a symmetric saw-tooth profile with amplitude A and period T which mimics in the simulation the sinusoidal profile of the sonotrode. 1 One should note that the choice of this profile has no major impact on the results [18], since the amplitude of the harmonic n of the saw-tooth profile falls as odd n −2 . We mention also that even though the electrical excitation of the sonotrode is sinusoidal, because of the elastic deformation of the sonotrode, the velocity applied to the shot is certainly not purely sinusoidal. 2 The spheres collide inelastically and instantaneously with each other, with the cylindrical side walls, with the top wall and with the sonotrode. The different collision rules are given by the following expressions:
where the prime quantities denote the post-collisional quantities;r i and v i,r are the unit position vector of particle i and the velocity of the particle i in the horizontal plane, respectively, and c w the normal coefficient of restitution for a collision between a sphere and the chamber. The particle-bottom (sonotrode) wall restitution coefficient c b is first taken as unity which amounts to rescaling the amplitude of the vibration. v S is the vertical velocity of the sonotrode; v i,z is the vertical component of the velocity of particle i and c t the normal coefficient of restitution for a collision between a sphere and the cover; finally, v i, j denote the velocities of i or j particle,n is the unit center-to-center vector between the colliding pair i and j and c is the normal coefficient of restitution for a sphere-sphere collision. One should note that there are two rules along the z axis equations (2) and (3) depending on which wall the spheres collide: bottom (sonotrode) or top (sample). Between collisions, the spheres follow parabolic trajectories due to the constant gravitational field (viscous damping with the air contained in the chamber is neglected).
The parameters of the model used in the simulation are obtained from experiment (Figure 1) . The vibration frequency is 20 kHz the amplitude of the sonotrode is 25 µm. The chamber height is 40 mm. In the first part, we carry out most of the simulations with arbitrary restitution coefficients c = c t = 0.91 corresponding to the usual experimental values for steel shot in the velocity range of interest [5] and leaving as an adjustable parameter only the side wall restitution coefficient c w . This is in order to highlight the strong influence of the side-wall collisions on the impact heterogeneity. We stress, however, that the overall observed behavior of the model does not depend on the precise values given for c t and c and several additional runs with different c t and c have been performed to check the robustness of our conclusions. The stationary nonequilibrium state is achieved by a preliminary simulation of typically 5, 000 collisions which corresponds to a peening time of about 1ms. The duration of the collision estimated as
